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Abstract: Thorough geomorphological and geophysical investigations rely on high
quality digital elevation models (DEM). Many areas in the developed world are covered
by DEMs through national ordnance surveys or similar organizations. However, these
DEMs are often of quite low resolution and do not allow detailed geomorphological
investigations. One way to overcome this problem is to photogrammetically generate a
bespoke DEM based on aerial photographs and ground control points. The glacier
foreland of the Bødalsbreen glacier, emanating from the Jostedalsbreen icefield in
western Norway, is characterized by a set of distinct and morphologically interesting
moraine ridges. Existing topographic data of the valley was not of sufficient quality for
detailed investigations. We therefore constructed a photogrammetric DEM covering the
glacier foreland. The resulting map is presented in this paper (Map A) and it is our hope
that it will be used for further studies on glacial geomorphology in the area.
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1. Introduction
Bødalen valley is a tributary to the Nordfjord system in western Norway.
The valley is occupied by the Bødalsbreen glacier, which is an outlet glacier
of the Jostedalsbreen ice field (Map B). The glacier foreland (at about 600
m a.s.l.) of Bødalsbreen glacier is characterized by a set of nine distinct
moraine ridges (Maps A, C, D; Figure 1). These moraines are striking
because of their size, up to 9 m high (Maps A, D; Figure 1), but more
importantly for their peculiar morphology. Whereas the oldest moraine
ridge, A, is arcuate and smooth, the younger ones, B-H, are of a distinct
“saw-tooth” shape (Map C). Several studies have been made on the
morphology and genesis of the Bødalen moraines. Based on
geomorphological, sedimentological and geophysical data, they appear to
have been formed by a combination of glacial pushing and thrusting
(Matthews et al., 1979; Lien and Rye, 1988; Burki et al., 2008). The
different morphology of ridge A, compared to ridges B-H, does not imply
different formation processes, rather, the ridge geomorphology seems to
have been conditioned by glacial dynamics which were in turn were related
the valley geometry (Matthews et al., 1979; Burki et al., 2008). All
moraines have been dated using lichenometry and historical photographs,
and the outermost moraine ridge, A, was formed during the Little Ice Age
(LIA) maximum at about 1755 AD (Bickerton and Matthews, 1993).
Following the LIA maximum, the Bødalsbreen glacier went through a
general retreat punctuated by several short readvances, consequently
building eight moraine ridges, which were dated to the period between A.D.
1767 and 2000 (Bickerton and Matthews, 1993; Winkler, 2001; Kjøllmoen
et al., 2006).
Early on, during our geomorphological and sedimentological investigations
of the Bødalen moraine complex, it became clear that a detailed DEM of
the moraines was needed to properly study the morphology and calculate
sediment volumes. The available topographical map at a scale of 1:50,000
was not adequate and did not depict the moraines in a realistic manner. We
therefore decided to construct a DEM based on aerial photo stereo-pairs
together with ground control points (GCPs). The technical details of the
DEM construction, and the resulting maps, are described in this paper.
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Figure 1 A) View across the Bødalen valley glacial foreland looking WNW with Lake Sætrevat-
net in central portion of the image. B) View west, looking at the moraine complex. Northern
tip of Lake Sætrevatnet at the left.
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2. Methods
The DEM in Map A was compiled by combining two datasets with different
resolutions. A detailed DEM for the Bødalen moraine complex was
constructed through digital photogrammetry based on two panchromatic
aerial picture stereo-pairs (four pictures) at the scale 1:15,000 (TerraTec
aerial photo numbers 7884 Q29-30; 1353 A10, A12). A lower resolution
DEM for surrounding areas in Bødalen was extracted from ordnance survey
elevation contours digitally made available through the GeoNorge
consortium (GeoNorge, 2007).
Digital photogrammetry of the aerial photographs was carried out using
PCI Geomatics OrthoEngine software following the procedure outlined in
the software manual (PCI Geomatics, 2003). All aerial photographs were
scanned at a resolution of approximately 0.3 meters at the ground level
using an Epson Expression 10000 XL scanner. No external orientation data
was available for any of the aerial photographs. However, basic camera
calibration (focal length, photo scale) could be read from data imprinted on
the aerial photographs. No correction for earth curvature was used since
the aerial images were below 1:20,000 in scale (PCI Geomatics, 2003).
Interior orientation was accomplished through digitizing the fiducial marks
manually and the raw images was converted into epipolar images through
semi-automatic specification of tie points that could readily be identified in
both images (Wolf and DeWitt, 2000; PCI Geomatics, 2003). Ground
control points (GCP) were collected during preceding field work in the
Bødalen valley using a Leica GPS real time kinematic differential surveying
system with an average accuracy of 2.5 cm. In order to calculate and
geocode a DEM from overlapping areas in the epipolar images, the GCP’s
(8 ground control points for each stereo-pair) were entered and the PCI
Geomatics “Aerial Photography Math Model” was calculated (PCI
Geomatics, 2003). This procedure was first performed on the stereo-pair
from May 1983 (Terratec aerial photo numbers 7884 Q29-30). At this early
time of the season, some important areas in the moraine complex were still
snow covered and it was thus not possible to generate a DEM in these
areas. To overcome this problem we repeated the whole procedure on
pictures from September 1962 (TerraTec aerial photo numbers 1353 A10,
A12) with no snow and little foliage. The resulting DEM was overall better
but exhibited erroneously high elevation values in some areas around Lake
Sætrevatnet, probably due to shadow and low contrast. The northern part
of the 1962 DEM was thus merged with southern part of the 1983 DEM,
66
Journal of Maps, 2008, 63-70 Fredin, O. & Burki, V.
which yielded a continuous elevation model of the Bødalen moraine
complex with a resolution of 2 meters (Map D). In areas with abundant
vegetation, low contrast or in shadows, noise was present. Averaging with
neighbouring pixels using the pixel editor in Leica Geomatics ERDAS
Imagine software generally smoothed these artifacts.
Areas surrounding the proglacial moraine complex (Map D) are generally
very steep and photogrammetric DEM production was not feasible. To
produce a DEM in these areas we obtained digital elevation contours from a
Norwegian ordnance survey map at the scale of 1:50,000, which were made
available through the GeoNorge spatial data gateway (GeoNorge, 2007).
Nodes in the elevation contours were converted to a grid using the kriging
algorithm in Golden Software’s Surfer. This lower quality DEM was then
merged with the higher quality photogrammetric DEM.
Accuracy of the DEM was assessed by comparing DEM pixel values with
control points acquired with differential GPS equipment (2.5 cm accuracy).
Maximum errors in elevation vary between -2.7 m (the DEM is below true
elevation) to +5.6 m (the DEM is above true elevation) (Figure 2). These
extremes are found on steep slopes surrounding the photogrammetric DEM,
whereas elevation accuracy generally is better than ±1.9 m in the
photogrammetric DEM (Figure 2). Horizontal accuracy (map-plane) of the
DEM is more difficult to establish since it depends on the ability to
recognize features in the DEM or orthorectified images with measured
points in the field. We were able to identify 4 points in the orthorectified
images where we also had GPS coordinates. In the orthorectified DEM we
infer a map-plane accuracy on the same order of magnitude as the DEM
resolution, i.e. 2 - 4 m. Outside the moraine complex, the horizontal
accuracy is noticeably lower with an accuracy of 6 - 12 m. These error
margins are likely extreme values and average accuracy of the map is
better. It thus seems clear that the detailed DEM covering the Bødalen
glacier foreland is reliable, but peripheral areas derived from ordnance
survey contours are of lower quality.
Hydrography and other geographical information were then added from the
GeoNorge GIS database (GeoNorge, 2007) using ArcGIS. Final map layout
and print preparation was made using desktop publishing software.
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Figure 2 Estimate of vertical error in the central portion of the DEM based on comparison with
differential GPS data. Negative values indicate that the DEM is below actual elevation and
positive values indicate DEM appearing above the true elevation.
3. Discussion and Conclusions
The presented photogrammetrically derived elevation model is a relatively
work intensive undertaking and requires proper planning of fieldwork
(collecting GCPs) and subsequent processing. An important task is to
evaluate aerial photographs and only use aerial photographs with as little
snow and vegetation as possible. Late autumn photographs before the first
snow are thus generally ideal. In areas with significant relief, such as in a
Norwegian fjord landscape, mountains casting long shadows should also be
taken in to account. The time at the field site, collecting ground control
points can be reduced through judicious mapping of potential GCPs in
aerial photographs beforehand.
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The presented DEM represents the best topographical data for the Bødalen
moraine complex and depicts the glacier foreland in a realistic and accurate
manner. The DEM will be valuable for further investigations on glacial
geomorphology in Bødalen, visualization of the moraine ridges and
sediment volume calculations.
Software
PCI Geomatica OrthoEngine 9 was used for photogrammetric construction
of the detailed DEMs, which were subsequently imported into ERDAS
Imagine 9.2 for editing. Golden Software Surfer was used to grid elevation
contour data into a raster and to perform mosaicing of low and high
resolution elevation models. The hill shade map and 3D view of the DEM
were created using IVS 3D Fledermaus software. The overview map was
constructed using ESRI ArcGIS 9.2 and final map layout and print
preparations were made using Adobe Illustrator CS2. The colour table for
the hill shade map (Map A) and 3D map (Map D) can be downloaded at
http://pdfb.wiredworkplace.net/cpt-city/www/index.html.
Data
The author has supplied data (as a 3D TXT file and two GeoTIFFs) used
in the production of the accompanying map. This PDF has a ZIP archive
embedded within it (stored as a .ZI file extension) containing the data and
can be accessed by right-clicking on the “paperclip” icon at the beginning
of this section (you will need to save the file and edit the file extension to
.ZIP). Whilst the contents of the ZIP file are the sole responsiblity of the
author, the journal has screened them for appropriateness.
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The detailed digital elevation model of the Bødalen proglacial area was 
created by using digital photogrammetry, based on two sets of aerial photo-
graph stereo-pairs. Surrounding topography was obtained from digital ord-
nance survey  maps (Statens kartverk, Norway) at the scale 1:50,000.
Aerial photo (AD 1962) of saw-tooth moraine ridges. Letters refer
to individual moraine ridges.         
Digital elevation model (DEM) of inner part of Bødalen valley. Hillshade illumination from 
NWN. Contour interval is 50 m.
A 3D-view of the detailed DEM looking towards north showing the Bødalen valley 
proglacial area and saw-tooth moraines. Profile A’ – B’ refers to cross profile in 
figure E. Hillshade illumination from ESE.                                              
Study area in south-western Norway. 
Profile across the saw-tooth moraine ridges. See map D for position of 
the profile
Accuracy of the detailed DEM both horizontally and vertically is approximately 2 meters. 
Map datum and projection: WGS84, UTM Zone 32N, Transverse Mercator.
Aerial Photo printed with permission of The Central Archive for Vertical Aerial Photography, TerraTec Inc.
Elevation contours are courtesy of GeoNorge, 2007
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